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Abstract
Escherichia coli OmpA can be solubilized by sodium dodecyl sulfate (SDS) in its folded structure, and it unfolds upon
heating. Although the heat-denatured OmpA remains unfolded after lowering the temperature, the addition of a non-ionic
surfactant, octyl glucoside results in refolding of unfolded OmpA. In the present study, we investigated the refolding kinetics
of OmpA in a mixed surfactant system of SDS and octyl glucoside using far- and near-UV circular dichroism and
fluorescence spectroscopies. We found four kinetic phases in the refolding reaction, which logarithmically depended on the
weight fraction of octyl glucoside. We also examined the unfolding kinetics of OmpA upon heating in the presence of SDS by
temperature jump experiments. A comparison of the rate constants for the refolding and the unfolding reactions in SDS-only
solution at 30‡C revealed that the folded form of OmpA in SDS solution is less stable than the unfolding form, and that the
unfolding is virtually unobservable near room temperature due to a high kinetic barrier. ß 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction
Membrane proteins fold into their native structure
only under amphiphilic conditions, and the require-
ment of amphiphiles presents an experimental limi-
tation in biophysical and structural research. In the
last decade, signi¢cant experimental data for confor-
mational changes have accumulated for several mem-
brane proteins such as bacteriorhodopsin [1^5], the
major photosynthetic antenna complex of green
plants [6], diacylglycerol kinase [7], OmpF porin
[8,9], and OmpA [10^15]. Most of those experiments
have been performed in a mixture of lipid and dena-
turant, that of lipid and surfactant or that of di¡er-
ent surfactants. Formation of the tertiary structure
of a membrane protein under such amphiphilic con-
ditions should be driven by interactions between the
polypeptide and the external amphiphilic media. A
mixed system of a surfactant with strong denaturing
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ability and that with little denaturing ability can be
used to systematically control the denaturing activ-
ities, making it possible to quantitatively assess the
folding properties of a membrane protein.
We previously examined the refolding property of
a membrane protein, Escherichia coli OmpA, in the
mixed surfactant system of sodium dodecyl sulfate
(SDS) and octyl glucoside (OG) [16]. OmpA is a 35
kDa membrane protein consisting of a transmem-
brane N-terminal domain and a periplasmic C-termi-
nal domain [17,18]. The 19 kDa N-terminal domain
is an eight stranded L-barrel (Fig. 1) [19,20], while
the structure of the C-terminal domain is unknown.
OmpA can be solubilized in a monomeric, folded
form in the presence of SDS at room temperature.
As we will show below, the folded form of OmpA in
SDS solution showed a far-UV circular dichroism
(CD) spectrum typical of a L-sheet, which was quite
similar to that observed in lipid vesicles [11]. On the
other hand, the structure of the C-terminal domain is
unknown, and the protein structure in surfactant mi-
celles may be di¡erent from that in the outer mem-
brane of E. coli due to the di¡erence in distribution
of hydrophobic and hydrophilic atmosphere between
surfactant micelles and the lipid bilayer. Therefore,
we do not use the term ‘native form’ in the present
study to describe the folded form of OmpA in sur-
factant solutions. The folded form of OmpA in the
presence of SDS denatures upon heating, which is
commonly described as ‘heat modi¢ability’ [21].
The heat-induced conformational change is virtually
irreversible, and this heat-modi¢ed form, i.e. dena-
tured form upon heating in the presence of SDS,
remains unfolded by lowering the temperature. This
heat-modi¢ed form will be referred to hereafter as h-
OmpA. The addition of OG to h-OmpA results in
refolding to its folded form [22]. We previously
found that the refolding of h-OmpA occurs in a co-
operative manner when the weight fraction of OG
(XOG) in the total amount of the surfactants exceeds
0.7, suggesting that a decrease in denaturing activity
of SDS triggers the refolding reaction [16]. However,
this denaturing activity of SDS is inconsistent with
the fact that OmpA solubilized in the presence of
SDS retains the folded structure. Therefore, we hy-
pothesized that OmpA in SDS solution at room tem-
perature could be in a metastable form with a high
kinetic barrier to unfolding, and heating reduces this
kinetic barrier toward the heat-modi¢ed form. In the
present study, we examined the kinetics of the con-
formational change of OmpA in a binary surfactant
system of SDS and OG. We monitored the refolding
kinetics using near- and far-UV CD and £uorescence
spectroscopies. This approach revealed multiple fold-
ing steps of OmpA. We also examined the unfolding
kinetics of OmpA in the presence of SDS upon heat-
ing. Our results supported the hypothesis of solubi-
lized OmpA with SDS being metastable.
2. Materials and methods
2.1. Materials
SDS was obtained from BDH (Anala R grade),
Fig. 1. Crystal structure of the transmembrane N-terminal do-
main (1^171) of OmpA [19,20]. Outer surface loops are shown
on top, and ¢ve tryptophan residues are shown in ball-and-stick
representation. The drawing was made using MOLSCRIPT
[31].
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and n-octyl L-D-glucoside (OG) was from Dojindo
Laboratories (Kumamoto, Japan). OmpA was puri-
¢ed from E. coli K-12, TNE001 strain as described
previously [23]. The puri¢ed OmpA fraction was
equilibrated in 50 mM sodium phosphate bu¡er
(pH 6.9) containing 0.1% (v/v) of SDS using a size
exclusion HPLC column, G3000SWXL (30U0.78 cm
I.D., Tosoh, Tokyo, Japan). The OmpA fraction was
heated in boiling water for 5 min to obtain h-OmpA.
2.2. Circular dichroism measurements
CD spectra were taken at 30‡C on a J-720 spec-
trophotometer (Jasco, Tokyo, Japan). For far-UV
(205^250 nm) CD measurements, a cuvette with
1 mm path length was used for samples with 7^12
WM of protein concentration. For near-UV (250^320
nm) CD measurements, a cuvette with 1 cm path
length was used for samples with 17^22 WM of pro-
tein concentration.
2.3. Fluorescence measurements
Measurements were made on a F-4500 £uores-
cence spectrometer (Hitachi, Tokyo, Japan). A cu-
vette with 1 cm path length was used. Protein concen-
tration was set at 1 WM. Wavelengths for excitation
and emission were 296 nm and 330 nm, respectively.
2.4. Refolding experiments
The kinetic measurements by either CD or £uores-
cence spectroscopy were started 15 s after manually
mixing a refolding bu¡er with h-OmpA solution. The
refolding bu¡er contained 0.1% (v/v) SDS and a de-
¢ned amount of OG in 50 mM sodium phosphate
bu¡er (pH 6.9). The change in ellipticity was moni-
tored at 207 nm and 289 nm, and the change in
£uorescence emission intensity was monitored at
330 nm.
2.5. Temperature jump unfolding experiments
OmpA solution containing 0.1% (v/v) SDS was
transferred to a cuvette that had been kept at a de-
¢ned temperature, and the change in ellipticity at 207
nm was monitored. The lag time during which the
temperature of the sample solution equilibrates to
the de¢ned temperature was measured by separate
experiments with a blank solution.
Fig. 2. CD spectra in near- (A) and far-UV (B) regions for h-OmpA in various compositions of the SDS and OG mixed system.
From bottom to top, XOG = 0, 0.79, 0.81 and 0.97, respectively. The far- and near-UV CD spectra of non-heated OmpA at XOG = 0
are shown with a thick line. All the spectra were recorded after 15 h incubation at 30‡C.
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3. Results
3.1. Change of spectroscopic properties of OmpA
observed with a change in the surfactant
composition
First, we carried out an equilibrium study on the
conformational change of OmpA in a mixture of
SDS and OG using far- and near-UV CD spectros-
copies (Fig. 2). Since OmpA has ¢ve tryptophan res-
idues that are located only in the N-terminal domain
(Fig. 1), monitoring the conformational change using
these multiple probes would be appropriate to detect
folding intermediates. The near-UV spectrum of h-
OmpA at XOG = 0 did not show characteristic peaks
in the range from 280 nm to 320 nm, suggesting that
the aromatic side chains in OmpA do not have well-
de¢ned con¢gurations. With the addition of OG, two
peaks appeared around 284 nm and 289 nm, and
their ellipticities increased with an increase of the
weight fraction of OG, and the spectrum at
XOG = 0.97 is almost identical to that of non-heated
OmpA (Fig. 2A). Thus, OmpA in the heat-modi¢ed
form refolded into the non-heated form at
XOG = 0.97 in terms of the tertiary structure of the
N-terminal domain. As shown in Fig. 2B, the far-UV
CD spectrum of h-OmpA at XOG = 0 had a negative
peak around 207 nm and a shoulder around 222 nm.
With increasing XOG, the negative peak and shoulder
disappeared and the spectrum was converted to one
with a minimum around 215 nm, typical of a L-sheet.
At XOG = 0.97, the far-UV CD spectrum was very
similar to that of non-heated OmpA at XOG = 0, sug-
gesting that h-OmpA refolds to the non-heated form
by the addition of OG in terms of secondary struc-
ture. The spectrum of h-OmpA at XOG = 0.97 was
almost identical to that of non-heated OmpA at
XOG = 1.0 (data not shown), and it di¡ered from
that of non-heated OmpA at XOG = 0 in the region
around 230^240 nm (Fig. 2B). The spectrum of non-
heated OmpA at XOG = 0 and that at XOG = 1.0 were
convertible by reciprocally replacing SDS and OG,
and both spectra were very similar around 215 nm
where L-sheet proteins show a characteristic mini-
mum. Moreover, near-UV CD spectra of h-OmpA
at XOG = 0.97 and OmpA at XOG = 0 were almost
identical (Fig. 2A). Therefore, the di¡erence in these
spectra may not arise from a structural di¡erence in
the transmembrane domain but the periplasmic C-
terminal domain.
The ellipticities of h-OmpA at 207 nm, 217 nm and
289 nm changed with the increase of XOG in a coop-
erative manner with one transition, of which the mid-
point was around XOG = 0.78 (Fig. 3A). This is con-
sistent with our previous results that h-OmpA
refolded above XOG = 0.7 in terms of mobility on
SDS^PAGE, hydrodynamic radius and the amount
of surfactant bound to the protein [23]. It should be
noted that the midpoint of the transition signi¢cantly
shifted to smaller XOG over time (Fig. 3B), indicating
that the refolding reaction had not reached an equi-
librium after 15 h incubation at room temperature.
The result suggests that the refolding reaction is very
slow around XOG = 0.75. As we will show below, it
would take months to years for the reaction to reach
an equilibrium at lower XOG.
Fig. 3. (A) Fraction of folded OmpA plotted against the weight
fraction of OG, obtained based on ellipticities at 207 nm (F),
217 nm (R) and 289 nm (S) in the spectra measured 15 h
after the addition of OG. (B) Changes in the ellipticity of
OmpA at 289 nm against the fraction of OG measured 15 h
(S), 4 days (+) and 14 days (U) after the addition of OG.
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3.2. Refolding kinetics of OmpA from its
heat-modi¢ed form
We then examined the refolding kinetics of h-
OmpA initiated by the addition of OG. Fig. 4 shows
typical pro¢les of the refolding kinetics of h-OmpA.
The observed amplitudes fully accounted for those
expected from equilibrium experiments, suggesting
that the manual mixing technique was su⁄cient to
follow kinetics of the refolding reaction. We did not
visually detect aggregation of OmpA during this re-
folding reaction.
All the pro¢les were analyzed by ¢tting using an
exponential function with three rate constants:
Y  Y 0  A1 exp3k1t  A2 exp3k2t
A3 exp3k3t 1
Here, A1, A2 and A3 are amplitudes, k1, k2 and k3
are rate constants and Y0 is the ¢nal value of the
pro¢le. Residuals of ¢tting with this equation scatter
uniformly over the measuring time scales for all pro-
¢les (Fig. 4). In contrast, similar curve-¢tting analy-
ses using an exponential equation with one rate con-
stant and one with two rate constants showed
systematic deviations in residuals (data not shown).
All rate constants thus obtained from the three spec-
troscopic probes showed a logarithmic dependence
on the weight fraction of OG (Fig. 5). We obtained
nine kinds of rate constants from these three probes,
which were classi¢ed into four groups. These data
suggest that the overall process of the refolding re-
action can be described using four kinetic phases.
Similar multi-step folding of OmpA was also ob-
served in di¡erent experimental systems where
Fig. 4. Representative kinetic pro¢les of the refolding of h-OmpA by the addition of OG observed in ellipticity at 289 nm (A), at 207
nm (B) and £uorescence emission intensity (C). The ¢nal weight fractions of OG are 0.88 (A), 0.86 (B) and 0.88 (C). Temperature
was controlled at 30‡C. Upper panels show the residuals of ¢tting to Eq. 1 (see text). Residuals are shown as the percentages against
overall change of the ellipticities or £uorescence intensity.
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OmpA denatured in the presence of 8 M urea with-
out surfactant was refolded into lipid vesicles [10^14].
3.3. Unfolding kinetics of OmpA in the presence of
SDS upon heating
The unfolding kinetics of OmpA in SDS solutions
monitored by the ellipticity at 207 nm in temperature
jump experiments could be ¢tted well by a single
exponential function (Fig. 6A). Accordingly, unfold-
ing rate constants at various temperatures were de-
termined using a single exponential function. The
delay times, the times required to equilibrate the tem-
perature of the solution, were less than 10% of the
half-life of the unfolding kinetics for all the temper-
atures studied. The Arrhenius plots of the unfolding
rate constants of OmpA gave a fairly linear correla-
tion with the inverse of temperature (Fig. 6B). As-
suming a linear correlation, the unfolding rate con-
stant at 30‡C was estimated to be 9.6U1039 s31,
corresponding to a half-life of 3.3 years. Although
this estimate likely has large errors, our results
clearly demonstrated that the denaturation of
OmpA by SDS is virtually unobservable near room
temperature.
4. Discussion
In the present study, we demonstrated the multi-
step refolding process of OmpA in the mixed surfac-
tant system of SDS and OG using three spectroscop-
Fig. 5. The refolding rate constants of h-OmpA plotted versus
the fraction of OG. The largest rate constants (k1), the second
ones (k2) and the smallest ones (k3) obtained from the analyses
for the £uorescence kinetic pro¢les are symbolized as *, + and
U, respectively. Those for the near-UV CD pro¢les are shown
as E, a and O, respectively, and those for the far-UV CD pro-
¢les are shown as F, b and R, respectively. The lines are
drawn assuming a logarithmic correlation of the rate constants
with XOG.
Fig. 6. (A) A representative pro¢le of the unfolding kinetics of
OmpA at XOG = 0 initiated by a temperature jump to 78.2‡C.
Upper panels show the residuals of ¢tting to a single exponen-
tial function (line in the lower panel). Residuals are shown as
the percentages against overall change of the ellipticity. (B) An
Arrhenius plot for the unfolding rate of OmpA at XOG = 0. The
line is the best-¢t straight line determined by the least-square
procedure.
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ic probes. OmpA consists of a transmembrane N-
terminal domain and a periplasmic C-terminal do-
main. Therefore, these two domains may fold with
di¡erent kinetic phases, and such di¡erences could be
observed by far- and near-UV CD spectroscopies.
However, the kinetic phases obtained from near-
UV CD measurements were identical to those ob-
tained from far-UV CD measurements (Fig. 5). The
C-terminal domain of the protein is unknown but
predicted to be £exible [17,18]. In addition, aromatic
residues often a¡ect the far-UV CD spectrum [23].
Therefore, the conformational change of the C-ter-
minal domain may contribute little to the changes in
the far-UV CD spectrum. Hence, our results do not
exclude the possibility that folding of the N-terminal
and C-terminal domains has distinct kinetics. Note
that the data obtained through this study do not
refer the folding and unfolding behavior of the C-
terminal domain directly.
We found that the refolding rates of h-OmpA de-
pend logarithmically on XOG (Fig. 5). Assuming this
correlation holds at lower XOG, we estimated the
refolding rate of the slowest phase at XOG = 0 and
30‡C to be 5.5U10312 s31. We also estimated the
unfolding rate of OmpA at XOG = 0 and 30‡C to be
9.6U1039 s31. Thus, the unfolding rate of OmpA
under these conditions was signi¢cantly larger than
the refolding rate. The slow folding rate of a protein
can be attributed to the height of the kinetic energy
barrier between the unfolded state and the folded
state [24]. At XOG = 0 and 30‡C, the energetic barrier,
vGVSDS, to unfolding and refolding of OmpA is calcu-
lated to be 28.9 kcal mol31 and 33.3 kcal mol31,
respectively, using Eyring’s equation [25]:
vGVSDS  RT lnkBT=hkSDS 2
where kB is Boltzmann’s constant, h is Planck’s con-
stant and kSDS is the rate constant in SDS solution.
Thus, the folded form of OmpA is less stable than
the unfolded form by 4.4 kcal mol31. Although this
estimation through large extrapolations certainly
contains large errors, it is consistent with the fact
that OmpA in SDS solution maintains its folded
structure at room temperature and the heat-modi¢ed
form once obtained by heating remains unfolded by
lowering the temperature.
OmpC [26] and OmpF [27] porins of E. coli are
also known to maintain their folded structure in the
oligomeric states in the presence of SDS. However,
not all membrane proteins maintain their folded
structure in the presence of SDS. For instance, bac-
terial opsins and diacylglycerol kinase readily dena-
ture in SDS solution [28,7], suggesting that the meta-
stability of OmpA is not a common feature of
membrane proteins. It should be noted that the
metastable feature of OmpA in SDS solution does
not necessarily imply the same feature of the protein
in biomembranes. However, it is possible that pro-
teins that reside on the bacterial outer membrane
where they may be exposed to a severe environment
acquire a unique mechanism to gain conformational
stability, like an extracellular protease, K-lytic pro-
tease, retains a metastable form as its native form
[29,30].
Our kinetic study using the mixed surfactant sys-
tem revealed the metastable nature of the SDS-solu-
bilized OmpA. Previously, Lau and Bowie provided
an assessment of the thermodynamic stability for di-
acylglycerol kinase using a mixture of SDS and decyl
maltoside [7]. However, the number of stability as-
sessments obtained through such surfactant mixed
systems is very small. Further studies of other mem-
brane proteins with similar procedures would con-
tribute to further understanding of the folding mech-
anism of membrane proteins.
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